An anorthite-based traditional ceramic was developed by adding secondary flux materials to a mixture of kaolin and CaCO 3 in order to minimize the deformation during the sintering process. Three flux materials, feldspar, talc, and frit, were evaluated by comparison with two commercial chinaware bodies. Anorthite body with glass frit exhibited poor firing shrinkage. Poor mechanical properties (modulus of rupture, MOR < 30 MPa) was observed for the bodies with feldspar. Another anorthite body was formulated with wollastonite as a Ca source. The fired body showed a MOR of 81 MPa and a shrinkage rate of 6% when wollastonite was added up to 50%. In the XRD analysis, the phase ratio between anorthite and quartz was the highest in the specimen with 50% wollastonite addition. Homogeneous and relatively small closed pores were observed in the microstructural analysis. These results suggest that a ceramic body formulated with 50% kaolin and 50% wollastonite can be fired at 1200 o C with a 6% firing shrinkage rate, giving rise to minimal sintering deformation.
Introduction
intering is a feature inherent to the manufacturing process of ceramics. Ceramic materials undergo crystallization through a sintering process and come to have material properties inherent to ceramics. For most of the traditional ceramic materials, wet sintering with the generation of a vitreous phase is realized. 1, 2) Upon entering the sintering temperature band with the formation of a liquid phase, abnormal deformation due to gravity occurs. Such deformation is manifested in various ways depending on the shapes, thicknesses, etc. of the green body, and an accurate prediction of the sintering deformation in advance is not possible due to frequent property changes of the natural raw materials and inhomogeneity of the manufacturing processes. Therefore, the efforts to suppress the defects caused by sintering deformation in the development of traditional ceramics products depend on experiential data, and act as a factor for increasing the required resources having unique malformation. In the manufacturing process for traditional ceramics, there has been strong demand for materials capable of suppressing the deformation to overcome the sintering deformation that acts as a major obstacle to new design development. which has been responded by designing additional reinforcing structures or forming thicknesses of the malformation to be different in the gravity direction. However, scientific approaches to a series of studies for effective reduction of deformation in the materials themselves have been relatively alienated as compared with other studies due to the diversity of china compositions and the low added value of china products. In the present study, experiments and analyses have been conducted on the development and the characteristics of small-deformation traditional ceramics utilizing natural minerals in conformity with the aforementioned demand. To effectively suppress the sintering deformation, materials having an anorthite crystal phase have been studied by varying the type and the amount of sintering aids, which promote sintering at low temperatures while retaining similar properties to those of the existing materials.
Experimental Procedure
Irregular sintering deformation of traditional ceramic materials can reduce scatter in the sintering deformation by inducing a low shrinkage rate. For this purpose, the sintering temperature, the key factor for variation in shrinkage rates, was lowered, and research and development were conducted for materials retaining a strength approximating that of the traditional ceramic materials distributed in the market. C were additionally analyzed. For the mixing ratios, the added minerals were increased by increments of 10% up to 30 ~ 50% through calculation of the molar ratios that are advantageous to the formation of the anorthite (CaAl 2 Si 2 O 8 ) crystal phase.
7,8)
When more than 50% of sintering aids were added, the plasticity was drastically lowered and this was consequently excluded from the experimental conditions. Finally, the composition having the most desirable characteristics was selected, and the reasons for property changes were investigated through a microstructural analysis. The experimental procedures are shown in Fig. 1 .
To ensure sufficient mixing of the raw materials, mixing and pulverization were carried out in a ball mill for 24 h using distilled water.
9) The materials mixed according to each experimental condition were pressurized and formed in a plaster mold of the specimen form. For the sintering process of the specimens, the temperature was raised at a rate of 5 o C by using an electric furnace. In the case of sintering temperature, the maximum temperature upon sintering was shown, and the specimens were held at this temperature for 1 h, followed by natural cooling. For each condition, analyses of shrinkage rate, density (Archimedes method), flexural strength (Microload System MOR tester, R&B, Korea), and crystal phase (D/Max2500VL, Rigaku, Japan) were conducted. In addition, microstructures (JSM-6390, JEOL, Japan) were observed by polishing the cross sections after sintering. Table 1 shows the mineral formulation ratios as a function of sintering aids for the manufacture of ceramic materials that form anorthite (CaO·Al 2 O 3 · 2SiO 2 ) crystal phase. Varying properties were analyzed by adding different sintering aids with Kaolinite fixed as the starting raw material. The conditions F and G represent the traditional ceramic materials distributed in the market.
Results and Discussion
To evaluate the shrinkage rates as a function of change in the sintering aids, the shrinkage rate results as a function of sintering temperature for each specimen are shown in Fig. 2 . The specimen with feldspar added as the sintering aid and the specimen with the addition of wollastonite exhibited shrinkage rates less than 2%, and thus conform well with the purpose of the present study. Commercial materials showed shrinkage rates higher than 10%, affirming that the possibility of sintering deformation was the highest. In all specimens, the shrinkage rates were confirmed to increase in proportion to the rise in sintering tem- perature. The specimens using Talc as the sintering aid showed an increase in the shrinkage rates up to 1200 o C, melted failing to maintain the shape upon sintering at 1250 o C so that measurements were disabled. Strengths as a function of the change in sintering aids is shown in Fig. 3 . Most specimens show a tendency of increasing strength a whole with an increase in temperature. In the specimen with Talc employed as a sintering aid, the strength increased up to 1200 o C. However, the overall strength shows a poor trend as compared with that of commercial materials. Different addition ratios of sintering aids to promote the strength of specimens B & E, which showed low shrinkage rates, were analyzed. For the addition ratio of the sintering aid, the molar ratio was calculated so as to be advantageous to the formation of the anorthite crystal phase.
10)
3.1. Sintered body of kaolinite + calcite + feldspar Table 2 shows the added amounts of feldspar. Material properties were analyzed by preparing three types of specimens with variation of the added amounts of feldspar. As shown in Fig. 4 , it can be seen that all specimens have similar densities irrespective of the amounts of feldspar when the sintering temperature becomes 1200 o C. While the density shows a decreasing tendency with an increase in sintering temperature when feldspar was added up to 40%, the density shows an increasing tendency for larger added amounts. However, overall densities of all specimens tend to be low. Shrinkage rates are shown in Fig. 5 . As can be seen in the graph, a low shrinkage rate of less than 2% can be affirmed. Fig. 6 shows the change in flexural strengths of the body as a function of the change in sintering temperature. As shown in the figure, the flexural strength increased with an increase in sintering temperature as a whole. However, when 1200 o C is reached, all flexural strengths are confirmed to be similar, showing lower strengths as compared with those of commercial materials. Table 3 shows the added amounts of wollastonite. As shown in Fig. 7 , the density increased with an increase in the added amounts of wollastonite. When the added amount of wollastonite reaches 50%, the density exceeds the level of commercial materials of % 2.3 g/cm 3 and reaches 2.5 g/cm
Sintered body of kaolinite+wollastonite
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. Figure 8 shows the change in the shrinkage rates as a function of the added amount and the sintering temperature. The shrinkage rate can be confirmed to be increased with an increase in the sintering temperature. However, low shrinkage rates in the range of 6% were observed as compared with commercial materials. Figure 9 shows a change in the flexural strengths, where the strength of wollastonite is maintained at about ~ 30 MPa up to addition of 40%, and dramatically increased to more than 80 MPa upon 50% addition.
Microstructural analysis of anorthite-based
ceramic material Microstructures of the specimens sintered at 1200 o C were comparatively analyzed where the strengths and the density scatters were reduced with significant amounts of change in the composition analysis results observed with the addition of feldspar and wollastonite as sintering aids. Fig. 10 shows the change in the crystal phases of the body as a function of wollastonite addition. As shown in the figure, anorthite phase is observed as the main phase, and quartz phase as the second phase for all added amounts of wollastonite. However, as the added amounts of wollastonite are increased, the fraction of anorthite as the main phase increases relatively compared with the quartz phase, and quartz as the second phase is almost not observed under the condition of 50% wollastonite. Such result can be affirmed to cause the best characteristics to be observed previously as the fraction of Anorthite phase is increased when the strength as a function of the added amount of wollastonite is 50%.
On the other hand, Fig. 11 shows the crystal structures as a function of the added amounts of feldspar. As the added amounts are increased or decreased, the main phase is changed from quartz phase to anorthite phase with the fraction of anorthite phase being relatively increased. However, the amount of increase is insufficient and consequently the second phase of quartz and the third phase of gehlenite are still observed even with addition up to 50%. It is confirmed that is the cause of the insignificant increase in strength observed previously despite an increase in the added amounts of feldspar. Figure 12 shows a micrograph for the specimen with the body containing 50%.Wollastonite was fired at 1200 o C. Small closed pores are uniformly distributed. On the other hand, Fig. 13 shows a micrograph for the sintered body with the addition of 50% of feldspar. Pores are huge and have an inhomogeneous distribution.
Such pores are considered to cause the low strengths of the sintered body with the addition of feldspar, as observed previously. Fig. 14 shows a graph exhibiting the fraction ratios for anorthite phase and quartz phase observed as the main phase and the second phase, respectively, in the XRD patterns per formulation.
In the formulation with the addition of feldspar, the main phase is quartz phase, whose fraction ratio remains at less than 100%, and is slightly increased upon 50% addition. However, in the formulation with the addition of wollastonite, anorthite is observed as the main phase starting with 30% addition, and the fraction ratio isobserved to be greatly increased in the formulation with 50% addition. Fig.  15 shows a graph integrating property values as a function of the incorporated amounts of sintering aids in the body sintered at 1200 o C. While low shrinkage rates were observed in the specimens with feldspar employed as a sintering aid, conforming to the purpose of the present study, lower strength values were observed in comparison with those for commercial materials, disabling the use. While somewhat higher shrinkage rates were observed in the specimens with wollastonite employed as a sintering aid as compared with those for the specimens with addition of feldspar, the specimen containing 50% wollastonite has a high strength value exceeding that of a commercial material. Therefore, the material with the addition of 50% wollastonite as a sintering aid realized sufficient densification at 1200 o C, indicating that manufacturing a sintered ceramic body retaining a low shrinkage rate in a range of 6% was possible while material properties on the level of those of commercial materials were secured.
Conclusions
In the present study, experiments and analyses were conducted on a material with a structure of anorthite crystal phase having similar properties to those of existing commercial materials while sintering temperatures and shrinkage rates, acting as the major factors in the sintering deformation, were reduced to suppress the deformation of traditional ceramic materials.
Through the present study, Anorthite phase as the major phase and of quartz phase as the second phase were confirmed from the microstructural analysis results as a function of the added amount of wollastonite (CaSiO 3 ). As the added amounts of wollastonite were increased, the fraction of Anorthite as the main phase relatively increased as compared with that of quartz phase, and the second phase quartz was almost not observed under the condition of 50% wollastonite. A low shrinkage rate in a range of 6% along with a strength of 81 MPa is exhibited at content of 50% where the anorthite phase is observed as the single main phase. According to the analysis results for micrographs, spherical closed pores are homogeneously distributed, demonstrating that sufficient densification is possible at 1200 o C. Since a sufficiently dense sintered body can be obtained at a temperature 50 o C lower as compared with traditional ceramic materials having Mullite phase as the major phase, it is expected that the possibility of sintering deformation can be effectively suppressed compared with that for commercial bodies used in the past.
